Tbx1 belongs to the family of T-box containing transcription factors. In humans, TBX1 is implicated in the etiology of the DiGeorge syndrome. Inactivation of the Tbx1 gene in mice produces a variety of malformations including abnormal branching of the heart outflow tract, deficiencies in the branchial arch derivatives, agenesis of pharyngeal glands and abnormal development of the auditory system. We analyze here the middle and inner ear phenotypes of the Tbx1 null mice. The middle ear is strongly affected. Its skeletal components are malformed to varying degrees, some being slightly hypoplastic and others completely absent. However, a seemingly normal-looking tympanic membrane can still be recognized. Middle ear anomalies are associated with other skeletal deficiencies in the branchial arch-derived skeleton. These phenotypes derive from a combination of the failure of the posterior branchial arches to develop and the misrouting of neural crest cells. The inner ears of Tbx1 K/K animals are hypoplastic. No vestibular or cochlear structures are detectable, but the endolymphatic duct, the cochleovestibular ganglia and residual sensory patches are still identifiable. Molecular analyses revealed a seemingly normal spatial distribution of a variety of patterning markers in the otic vesicles of Tbx1 null mutants at E9.0. However, 1 day later, several of these markers presented altered domains of expression in the otocysts of these mutant embryos, suggesting that Tbx1 is not required for the establishment of spatial patterns in the otocyst, but rather for their maintenance. The inability of the Tbx1 K/K embryos to keep properly segregated functional domains in the otocyst is likely the cause of the strong inner ear phenotypes observed in these mutants. q
Introduction
The mammalian hearing apparatus consists of three main compartments, the outer, middle and inner ears. The outer ear receives acoustic waves from the air, which are amplified and transmitted by the middle ear elements into the inner ear to generate vibrations in the endolymph. These vibrations excite the hair cells of the organ of Corti, located in the cochlear part of the inner ear, to generate neural impulses that are transmitted to the brain through the acoustic nerve. While the outer and middle ears are exclusively implicated in hearing, the inner ear is also involved in the process of balance, centered in the vestibular area. Specific sensory receptors located in the cristae and maculae detect, respectively, movements of the liquid in the semicircular channels and the position of the otoliths in the utricule and sacculus.
In recent decades, impressive advances have been made in our understanding of the embryological, molecular and genetic bases of the development of the different ear compartments (reviewed in Mallo, 1998 Mallo, , 2001 Mallo, , 2003 Torres and Giráldez, 1998; Riley and Phillips, 2003) . The outer and middle ears derive from the first and second branchial arches. Their development is closely linked to general patterning and morphogenetic processes in this area, which require cells of the cranial neural crest and their interactions with the ectodermal and endodermal compartments of the developing branchial arches (reviewed in Mallo, 1998 Mallo, , 2001 Mallo, , 2003 . The origin of the inner ear is completely different. It derives from the otic placode, an ectodermal thickening adjacent to the hindbrain. The placode invaginates and forms first the otic cup and then the otic vesicle (also known as the otocyst), which undergoes a complex series of morphogenetic and differentiation processes, eventually giving rise to a variety of structures and cell types (Torres and Giráldez, 1998; Riley and Phillips, 2003) .
As the otic epithelium differentiates, it interacts with the surrounding mesenchyme to induce formation of a skeletal case for the inner ear. The otic vesicle develops in a sequential fashion. In an early stage, a group of cells in the rostro-ventral part becomes committed to a neural fate and delaminates to give rise to the neurons of the VIIIth cranial ganglion (also called the cochleo-vestibular ganglion, cvg) (Torres and Giráldez, 1998) . The endolymphatic duct also starts its morphogenesis at a very early stage, as an outgrowth in the dorsal part of the otic vesicle (Brigande et al., 2000) . Later on, differential gene expression within the otocyst results in the formation of the cochlea, semicircular channels, utricule and sacculus from specific areas of the otic epithelium (Torres and Giráldez, 1998; Riley and Phillips, 2003) . Several of the genes responsible for these differentiation processes have been identified, mostly by using mutational approaches. Different groups of genes, including transcription factors, secreted molecules and their receptors, have been implicated in these processes, and some of the networks connecting these molecules are beginning to be understood (Torres et al., 1996; Hadrys et al., 1998; Ma et al., 1998; Wang et al., 1998; Acampora et al., 1999; Depew et al., 1999; Xu et al., 1999; Liu et al., 2000; Riccomagno et al., 2002; Bachiller et al., 2003; Laclef et al., 2003; Zheng et al., 2003) .
Tbx1 is a member of the T-box-containing family of transcription factors (Bollag et al., 1994) . In humans, the TBX1 gene is located within the microdeletion on chromosome 22 associated with the DiGeorge syndrome (Scambler, 2000) , characterized by cardiovascular malformations, hypoplasia or aplasia of the thymus and parathyroid glands, and craniofacial defects (Scambler, 2000) . Recent studies indicated that TBX1 is one of the major players in the etiopathogenesis of the DiGeorge syndrome, which results from haploinsufficiency of this gene (Merscher et al., 2001 ). In the mouse, mutations in the Tbx1 gene have been generated and haploinsufficient phenotypes have also been described (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) . These phenotypes are mostly milder than in the human DiGeorge syndrome, with low penetrance and dependence on the genetic background. In the homozygous state, the Tbx1 null mutation produces a lethal phenotype with complete penetrance that affects the thymus, the heart outflow tract, the craniofacial area and the ear (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) . Recent studies have shown that Tbx1 plays multiple roles in the development of the pharyngeal region and in the remodelling of the aortic arches (Vitelli et al., 2002a) . In addition, it has been suggested that some of these activities may be mediated through the control of Fgf expression in the branchial arches (Vitelli et al., 2002b) . A role for Tbx1 in inner ear development has also been reported Vitelli et al., 2003; Raft et al., 2004) . Analysis of Tbx1 null mutant embryos revealed that the inner ear is strongly affected. However, while Vitelli et al. (2003) suggested that this gene is required for expansion of a subpopulation of cells in the otic vesicle responsible for development of both the cochlear and vestibular areas, Raft et al. (2004) recently proposed that Tbx1 gene function suppresses neural fate specification in the otocyst.
Here we show that Tbx1 is required for the development of all the ear compartments. In the middle ear, deficiencies in the mutant were found associated with other malformations in the branchial arch-derived skeleton, indicating that they may represent one aspect of a more general effect of the Tbx1 null mutation on the development of the pharyngeal region. The defects in the skeleton derived from the second and more caudal branchial arches can be explained by the strong deficiencies in these arches observed in the Tbx1 mutants (Jerome and Papaioannou, 2001 ). In addition, we found that some of the prospective second arch neural crest cells migrate anomalously into the first arch, thus providing an explanation for the phenotype observed in the first arch derivatives. The inner ear was strongly affected in the Tbx1 mutants. Only the endolymphatic duct and the cochleo-vestibular ganglion, together with rudimentary sensory patches, could be identified associated with a residual small otic capsule. Our molecular studies show that, while patterning of Tbx1 mutant otocysts is strongly affected at E10.5, it still looks largely undisturbed at E9.0-E9.5. On the basis of our results we suggest an alternative explanation for the inner ear phenotype as resulting from the absence of new morphogenetic processes after the loss of appropriate spatial patterning in the otocyst.
Results

Middle ear defects in Tbx1
K/K embryos Preliminary analyses of Tbx1 null mutants revealed strong malformations in the three ear compartments. The outer ears, particularly the ear pinnae, have been described as being typically absent or small and positioned low (Jerome and Papaioannou, 2001 ). This may be a consequence of the total or partial absence of the second branchial arch in the mutants (see below), as this arch is the major contributor to the pinna (Carlson, 1999; Mallo, 2003) . The middle ear has also been reported to be affected in the Tbx1 mutants (Jerome and Papaioannou, 2001) , but no detailed analysis has been performed. Analysis of stained skeletons of Tbx1 K/K newborns revealed that, of the three middle ear ossicles, the malleus was the least affected (Fig. 1A,B) . It was still present and all the basic elements of its anatomy were recognizable, but it was slightly hypoplastic. In particular the ossicle's neck was thinner than that of wildtype embryos. The incus of Tbx1 mutant newborns was reduced to a small cartilaginous nodule articulated with the head of the malleus (Fig. 1B) . No traces of the third ossicle, the stapes, could be found either in the skeletal preparations or in histological sections (nZ7). Other skeletal elements derived from the caudal branchial arches, like the hyoid bone and the thyroid cartilage, were also strongly affected by the Tbx1 mutation (Fig. 1C,D) , suggesting that the middle ear malformations are part of a general deficiency in branchial arch development.
The tympanic membrane can be regarded as the connection between the middle and outer ears. Histological analysis revealed that, while its anatomy was slightly affected in newborn mutant mice, all the relevant components (i.e. tympanic ring, external acoustic meatus, malleal manubrium and middle ear endoderm) appeared to be induced and properly arranged (Fig. 1E,F) . The tympanic ring, which provides support to the membrane, was reduced in length and somewhat thicker than that of wild-type littermates but still presented the characteristic semicircular morphology (Fig. 1B) . The external acoustic meatus (EAM) was also induced and had invaginated toward the tympanic ring (Fig. 1F) . However, it showed a slightly abnormal trajectory, possibly related to the abnormal positioning of the residual ear pinna. At the level of the tympanic ring, the EAM was found to be flattened in the plane defined by the ring and, together with the lateral epithelium of the middle ear cavity and the malleal manubrium, formed a clearly recognizable eardrum (Fig. 1F) .
To further understand the middle ear phenotype, we analyzed the branchial area of Tbx1 mutant embryos at earlier developmental stages. Morphological analyses of the mutant embryos revealed that, while the first branchial arch was clearly recognizable and seemingly normal looking, the second and more caudal arches were absent or strongly hypoplastic (Fig. 2B,F) , as already previously reported (Jerome and Papaioannou, 2001 ). This would explain the strong malformations observed in the skeletal derivatives of the affected arches, like the stapes and the hyoid bone. However, it cannot explain the anomalies observed in the first arch derivatives. Previous studies revealed that neural crest cells normally populating the second and more caudal arches are generated in the Tbx1 mutants, but that their migration into the corresponding branchial arches is seriously compromised (Vitelli et al., 2002a) . Analysis of Crabp1 expression in Tbx1 mutant embryos confirmed these observations and revealed the existence of an additional stream of neural crest cells that migrate into the first arch from rhombomere (r) 4 (Fig. 2B,H) . A similar observation was made using Sox10 (Fig. 2D ) as a marker of neural crest cells fated to become the glia of the cranial nerves and ganglia (Britsch et al., 2001) . The abnormal invasion of the first branchial arch by r4-derived neural crest cells (which eventually mix with those derived from r2), provides an explanation for the fusion of the Vth and the VII/VIIIth cranial nerves in Tbx1 K/K mutant embryos (Vitelli et al., 2002a; and our unpublished results) .
To further ascertain the abnormal migration of r4 neural crest cells, which normally populate the second arch (Serbedzija et al., 1992) , we did in situ analysis of Hoxa2, which is expressed in the second arch neural crest cells and never in the first arch (Prince and Lumsden, 1994; Mallo, 1997) . In Tbx1 null mutant embryos, a stream of Hoxa2-positive cells could be observed arising from r4 and entering K/K (B) newborns. In the wild type, the three ossicles, malleus (m), incus (i) and stapes (s), together with the tympanic ring (t) are shown. In the Tbx1 K/K mutants (B), the malleus and tympanic ring are still recognizable, but the stapes is not present and the incus is reduced to a small cartilaginous nodule (i*). (C) The typical wild-type neck skeleton is shown, including the hyoid bone (h) and thyroid cartilage (ty). (D) In the Tbx1 K/K mutants, the neck skeleton is very affected and contains only malformed remnants of the hyoid (h*) and thyroid cartilage (ty*). (E) In frontal sections, the tympanic membrane of wild-type newborns contains two epithelia, the external acoustic meatus (eam) and that of the middle ear cavity (mec), which entrap a skeletal element, the manubrium of the malleus (mm). The membrane is supported in the tympanic ring (t). (F) All the elements of the tympanic membrane can be seen correctly organized in Tbx1 K/K mutants, although on a smaller scale. The pictures shown in (E) and (F) correspond to frontal sections, oriented to position lateral on the left and rostral at the top. the first branchial arch (Fig. 2F,J ). This result confirms the abnormal migratory pathway of some neural crest cells in the absence of Tbx1 and provides an explanation for the skeletal deficiencies in the first arch derivatives (see Section 3).
It has been shown that the mesoderm adjacent to the hindbrain is patterned by signals from the neuroectoderm and surface ectoderm to maintain the segregation of neural crest cells arising at different rostro-caudal areas of the hindbrain (Golding et al., 2002) . Anomalies in neural crest cell migration have also been found in association with alterations in the patterning of the aortic arches (Trokovic et al., 2003) . To ask whether the abnormal neural crest migration in Tbx1 mutant embryos was associated with mesodermal tissue or with altered branching of the embryonic aortic tree, we sectioned stained whole-mounted embryos to localize the neural crest cells within the arch mesenchyme. Both Crabp1-and Hoxa2-positive neural crest cells that migrated from r4 into the first branchial arches in the Tbx1 mutants followed a subepidermal trajectory adjacent to the mesodermal core, and both were far from the abnormal blood vessels linking the the heart with the dorsal aorta of these mutant embryos (Fig. 2H,J ). This result suggest that the anomalies of neural crest cell migration in Tbx1 K/K embryos could result from the inability of the mesoderm adjacent to the hindbrain to restrict migration of the neural crest cells to specific streams.
The inner ears of Tbx1
K/K newborns are strongly hypoplastic When examined in whole mount-stained skeletons, the otic capsules of Tbx1 K/K newborns were barely distinguishable from surrounding cartilaginous structures and were visible as small vesicles of variable shape ( Fig. 3D; and not shown). None of the typical structural compartments of the inner ear could be recognized (compare Fig. 3A ,D). These observed defects were confirmed on histological sections through the inner ear region of Tbx1 K/K newborns. Such preparations revealed the presence of a small cartilaginous capsule surrounding a simple cavity, where a residual epithelium could still be found (Fig. 3F ). While there was no discernible indication for the presence of cochlear or vestibular structures, the endolymphatic duct, which at this stage is normally located outside of the cartilaginous capsule ( Fig. 3B ), was readily identified in Tbx1 mutant newborns (Fig. 3E ). It is noteworthy that in every mutant embryo analyzed the endolymphatic duct looked bigger than in wildtype littermates (compare Fig. 3B ,E). In addition, the residual otic capsules of Tbx1 K/K newborns contained epithelia with a degree of differentiation. In particular, some areas within these epithelia presented structures resembling hair cellcontaining sensory patches (Fig. 3F,L) . Their morphology varied among the different specimens, but their histological characteristics were always closer to those of the cristae and maculae than to the distinct cellular arrangement present in the organ of Corti (Fig. 3G,H,L) . Signs of innervation were seen in some of these patches, namely fibers connecting these sensory structures with the cvg, which was also present in mutant mice, although reduced in size compared to wild-type littermates (Fig. 3C,F) .
These patch-like structures observed in the inner ears of Tbx1 mutant embryos were positive for Brn3c (Fig. 3K,M) , which labels auditory hair cells (Erkman et al., 1996) , further substantiating the notion that they represent inner ear sensory structures. To further characterize these areas, we performed in situ hybridization with probes for Lfng and Bmp4, which are expressed specifically in the sensory organs of the inner ear with rather specific patterns for particular structures (Morsli et al., 1998) . Both genes are normally expressed in the supporting cells of the three vestibular cristae and Lfng is also expressed in the utricular and saccular maculae (Morsli et al., 1998 ; Fig. 3I,J) . In the cochlea, they display distinct expression patterns, Lfng being expressed in the supporting cells beneath the inner and outer hair cells and Bmp4 in a more lateral domain that corresponds to the future Hensen's and/or Claudius' cells (Morsli et al., 1998) . For Tbx1 K/K the areas of otic epithelium resembling sensory patches were positive for expression of both genes (Fig. 3N,O) , further supporting our histological identification of those epithelial areas as sensory patch-related structures. Their expression domains did not follow any of the patterns described for the maculae, cristae or the organ of Corti (Morsli et al., 1998; Fig. 3I,J,N,O;  and not shown), making it difficult to label the patches observed in the Tbx1 null mutant embryos as equivalent to a specific wild type inner ear sensory structure. However, the finding that the mutant patches express both Bmp4 and Lfng indicates that they may derive from the Bmp4-positive anterior stripe of the otocyst destined to become cristae (Morsli et al., 1998) . These results indicate that in Tbx1 K/K embryos some well organized morphogenesis still occurred in the inner ear primordia even though the inner ear was globally very strongly affected.
Early differentiation arrest of otocyst development
It has been recently proposed that Tbx1 acts to control neural and sensory organ specification in the otocyst (Raft et al., 2004) . However, this alone cannot explain the global patterning defects observed in the Tbx1 mutant. Even in these strongly affected inner ears, there was also some degree of differentiation. To obtain a more complete view of inner ear development in Tbx1 mutant embryos, we further characterized early events in otocyst differentiation. At E9.0 the otocysts of Tbx1 K/K embryos looked morphologically normal in shape, size and position relative to the hindbrain (Figs. 2,4) . However, at E10.5 the otic vesicles were clearly abnormal (Fig. 5) . At this stage, the otocysts of Tbx1 K/K embryos were smaller than those of their wild-type littermates and their shape was abnormal. While the vesicles of E10.5 wild-type embryos presented an elongated shape in the dorso-ventral axis (Fig. 5G,J) , those of their Tbx1
littermates were consistently rounder in the ventral area (Fig. 5H,L) . The endolymphatic tube primordium, the only morphologically identifiable structure at this stage, was clearly present in the otic vesicles of Tbx1 K/K E10.5 embryos but looked larger than in E10.5 wild-type littermates (e.g. Fig. 5E,F) . A similar lack of morphological differentiation was observed at E11.5 (not shown). These results indicate that the inner ear phenotype observed in Tbx1 K/K fetuses and newborns derives from a critical role of this gene at some time prior to E10.5 that first becomes phenotypically evident at E9.5-E10.5.
Global strong inner ear phenotypes have also been observed in other mouse mutants. Chrd mutants show a similar phenotype to that of Tbx1 K/K embryos (Bachiller et al., 2003) . However, Chrd is probably upstream of Tbx1, because Chrd expression is detected earlier than Tbx1 in wild-type development and Tbx1 is downregulated in the Chrd mutants (Bachiller et al., 2003) . Six1 mutants show, in addition to inner ear phenotypes, middle ear malformations reminiscent of those in the Tbx1 mutant (Zheng et al., 2003; Ozaki et al., 2004) , suggesting that this gene could be a mediator of Tbx1 activity. In situ expression analysis revealed no major differences in Six1 expression in Tbx1 K/K embryos (Fig. 4A,B) , indicating that the Tbx1 mutant phenotype does not result from downregulation of Six1.
Further analyses of spatial patterning of Tbx1 mutant otocysts at E9.5 revealed a quite normal distribution of the molecular markers investigated ( Fig. 4; and not shown). Sox10 expression, which is seen in the lateral wall of the otocyst (Fig. 4C) , was largely unaffected in Tbx1 mutant 
in (M). (O,P) In Tbx1
K/K embryos, Bmp4 expression can still be detected in the posterior (arrowhead) and lateral (arrow) areas of the otocyst, although with a slightly different disposition and expanding over a wider area of the lateral wall of the otocyst (arrow in (P)). (P) shows a section through the otocyst of the embryo shown in (O). The whole-mount specimens are all shown with the head to the right and dorsal on top. All sections are shown with lateral to the right and dorsal on top, except for panels (B) and (D), where anterior is at the top. embryos (Fig. 4D) . Pax2 and Nkx5.1 show complementary expression patterns in the otic vesicle, with Pax2 labelling the ventro-medial wall and Nkx5.1 labeling the latero-dorsal areas; these areas correspond to prospective cochlear and vestibular regions, respectively (Rinkwitz-Brandt et al., 1996; and Fig. 4F,J) . Expression of both markers appeared grossly unaffected in Tbx1 mutant otic vesicles at E9.5 (Fig. 4E-L) , except that the Pax2 expression domain appeared weaker in caudal areas of the mutant vesicles (Fig. 4E,G) . Typical dorsal markers, like Dlx5 (Acampora et al., 1999; Depew et al., 1999) and Gbx2 (Bouillet et al., 1995) , also showed a normal distribution at E9.5 in Tbx1 mutant otic vesicles ( Fig. 4M-P; and not shown).
It has been reported that expression of NeuroD, which marks a group of cells at the anterior part of the vesicle undergoing differentiation and delamination to contribute to the cvg (Liu et al., 2000) , is affected in Tbx1 K/K embryos at E10.0 (Raft et al., 2004) . In contrast, at E9.0 we found a fairly normal distribution of NeuroD transcripts in the otocysts of Tbx1 mutant embryos (Fig. 4Q,R) . Similarly, Lfng transcripts, which mark some of the cvg neuroblasts and a subset of the primordial sensory organs in the ventral area of the otocysts (Morsli et al., 1998) and were affected by the Tbx1 mutation at E10.0 (Raft et al., 2004) , looked fairly normal in their distribution at earlier developmental stages (Fig. 4S,T) . These results indicate that the early phases of otic placode/vesicle patterning and morphogenesis remain largely undisturbed in the absence of Tbx1.
Abnormal patterning in E10.5 Tbx1 mutant otocysts
It has been shown that in Tbx1 K/K embryos the spatial distributions of NeuroD and Lfng, which look seemingly normal at E9.0-E9.5, are both extended caudally in the otocysts at E10.0 relative to wild-type littermates (Raft et al., 2004) . We could confirm these alterations (not shown), indicating that, differently to what we observed at earlier stages, patterning of the otic vesicle could be affected at later stages, with clear morphological alterations visible in Tbx1 mutant embryos. To evaluate this possibility further, we looked at the spatial distribution of other molecular markers at E10.5. The distribution of some transcripts, like Dlx5 and Gata3, maintained the normal patterns (not shown), while others presented a clearly abnormal spatial pattern. Pax2, which showed normal spatial patterning at E9.5, displayed a strongly affected distribution in otocysts of E10.5 Tbx1 K/K embryos. In normal embryos, its expression at this stage was restricted to specific areas within the medio-ventral regions of the otic vesicles, with a clear border across the anterior-posterior axis (Fig. 5A,B) . In the mutant, expression was extended to other areas (Fig. 5C,D) . Differential expression in the medio-lateral axis was lost, as was the anterior limit in the lateral domain, resulting in an extended expression throughout the whole circumference of the vesicle (Fig. 5D) . Expression of Sox10 in the otic vesicles was also affected in Tbx1 K/K . In wildtype E10.5 embryos, Sox10 was detected in the lateral wall of the otic vesicle, with an anterior-posterior polarity, being excluded from antero-ventral areas (Fig. 5E) , a pattern that resembles that of Tbx1 (see below). In the Tbx1 mutant, Sox10 expression was extended to more anterior areas of the otocyst lateral wall (Fig. 5F ). The abnormalities in the expression of these two genes are interesting, in that they seem to follow a posterior-anterior extension, which is opposite to the anterior-posterior extension described for NeuroD (Raft et al., 2004 ). An extended expression domain at E10.5 was also observed for Gbx2 in Tbx1 K/K mutants. In this case, transcripts seemed to extend across the dorsal border into the lateral wall of the otocyst (Fig. 5G,H) . Nkx5.1 expression in the otic vesicles was also slightly affected at E10.5 in Tbx1 K/K embryos (Fig. 5I,L) . In particular, while in wild-type embryos it was restricted to a localized area in the dorsal part of the lateral otic vesicle (Fig. 5J) , in Tbx1 mutants Nkx5.1 expression lost intensity and seemed to extend ventrally in the lateral wall (Fig. 5L) . These results indicate that at E10.5, in contrast to what was seen at E9.5, patterning of the otocyst was affected by the Tbx1 mutation.
We also studied the distribution of Bmp4 transcripts at E10.5 in Tbx1 mutant otic vesicles. This was important because the sensory patches we found in the inner ears of Tbx1 mutant embryos displayed molecular characteristics compatible with their having originated in an area equivalent to the antero-lateral stripe of Bmp4-expressing cells that normally originate the cristae (Morsli et al., 1998) . In wild-type embryos Bmp4 was expressed in two areas, in the lateral and posterior walls of the otocyst (Fig. 5M,N) . The posterior domain was downregulated in most (but not all) Tbx1 K/K mutant embryos, whereas the lateral domain was still consistently identifiable ( Fig. 5O,P) . Its position in the mutant vesicles was different from that in the controls and clearly wider along the dorso-ventral axis than in wildtype embryos (compare Fig. 5N,P) . These results indicate that Bmp4 expression was induced in Tbx1 K/K otocysts, but that like other molecular markers, its spatial distribution was not correctly maintained in the absence of Tbx1.
Expression of Tbx1 in the ear compartments
In order to understand how Tbx1 influences formation of the ear compartments, we analyzed its expression in wildtype embryos in the branchial arches and otic vesicle. In the branchial area, this gene was expressed throughout the prechordal mesenchyme even before neural crest cells migrated into the arches (Chapman et al., 1996;  Fig. 6A ; and not shown). Expression became more restricted to the mesodermal core of the arches at E9.5 (Chapman et al., 1996; Fig. 6C) , and was then gradually downregulated in the first and second arches (Fig. 6F) . In this area, Tbx1 was not expressed in the neural crest-derived mesenchyme. In the otic epithelium, Tbx1 expression could already be observed at E8.5 in the otic placode (Fig. 6B ). Its expression in this structure was not uniform, appearing slightly stronger in the caudal half. At E9.5, Tbx1 expression was very strong in the otocyst (Fig. 6C-E) . It was restricted to the latero-posterior areas of the vesicle (Fig. 6D) . Along the dorso-ventral axis, Tbx1 expression was clearly detected in the dorsal areas, the most ventral domain of expression being devoid of Tbx1 transcripts (Fig. 6E) . At E10.5, expression of this gene was still detected in the lateral and posterior areas of the vesicle (Fig. 6F-H) . In addition, a dorsal shift was now evident. The borders of Tbx1 expression in the otic vesicle in the anterio-posterior and dorso-ventral axes were very sharp (Fig. 6G,H) .
Discussion
In this study we showed that Tbx1 is essential for development of the mammalian ear. Although all three ear compartments are affected in the Tbx1 K/K mutants, the origin of the malformations seems not to be the same in all areas.
Middle ear development is affected in Tbx1
K/K embryos Development of various middle ear structures is compromised by the absence of Tbx1 to different degrees. The most clearly affected part of the middle ear is the skeleton. As other branchial arch skeletal elements are also affected in the Tbx1 mutants, it seems that the middle ear phenotype is the consequence of a more general patterning or morphogenetic defect in the branchial area. Interestingly, the residual elements seem to be able to direct coordinated morphogenesis similar to the wild-type structures. For instance, a normal-looking tympanic membrane is formed, a process which requires interactions between the tympanic ring, the ectoderm of the EAM and the pharyngeal endoderm (Mallo and Gridley, 1996; Mallo et al., 2000) .
The skeletal elements of the branchial arches are neural crest-derived (Couly et al., 1993) . Since Tbx1 is expressed in the mesodermal component of the branchial arches and not in the neural crest-derived mesenchyme, the effect of this gene in the neural crest must be indirect. This inference is in keeping with a recent report indicating that Tbx1 acts non-cell autonomously in the branchial area (Vitelli et al., 2003) . It is possible that Tbx1 is required for proper migration of the neural crest cells into the branchial arches. In the Tbx1 mutants most of the neural crest cells originating caudal to r3 are not able to populate prospective second and more caudal branchial arches, which are missing or strongly hypoplastic in the mutant (Jerome and Papaioannou, 2001; Vitelli et al., 2002a ; and this study). The absence of these branchial arches and of associated neural crest cells provides an explanation for the strong skeletal phenotypes observed in the derivatives from these areas. For the malleus, incus and tympanic ring, all first-arch derivatives (Mallo, 1998) , a likely explanation for their phenotype in the Tbx1 mutants is the misrouting of Hoxa2-positive cells into the first arch. Hoxa2 is essential for determining the skeletal identity of second arch derivatives (GendronMaguire et al., 1993; Rijli et al., 1993) , and misexpression of this gene in the first arch has been shown to produce strong hypoplastic phenotypes in the skeleton derived from this area (Mallo and Brandlin, 1997; Creuzet et al., 2002) . Thus, the presence of Hoxa2-positive cells in the first arch of the Tbx1 mutant may interfere with normal skeletal development in this arch.
The role of Tbx1 in neural crest cell migration is still unclear. Two effects have been observed, an inability to migrate into the caudal arches and misrouting. Whether these two effects are related or result from independent mechanisms cannot be discerned from existing data. It has been postulated that segregation of cranial neural crest cell migratory pathways into distinct streams is controlled by some kind of molecular segmentation in the mesoderm adjacent to the hindbrain. The neural crest cell misrouting observed in Tbx1 mutant embryos suggests that Tbx1 may play a role in this mesodermal patterning. A variety of experimental data indicates that this mesodermal patterning is provided by signals from the adjacent neural tube and surface ectoderm (Farlie et al., 1999; Golding et al., 2002) . As Tbx1 is not expressed in the neuroectoderm or in the surface ectoderm, it is very probable that this gene plays a role in the mesodermal interpretation of these signals. The nature of the patterning signals is beginning to be elucidated (Golding et al., 2000) but nothing is yet known about the mesodermal component of this patterning interaction, making it difficult to test experimentally the role of Tbx1 in this process. Recent data suggest that interference with FGF signaling may play a role in the genesis of this Tbx1 K/K branchial arch phenotype. Fgfr1 mutant embryos show defects in this area somewhat similar to those observed in the Tbx1 mutant (Trokovic et al., 2003) . In Fgfr1 K/K embryos, the migration of neural crest cells into the second arch is also compromised. Interestingly, Fgfr1 is not required in the neural crest, but rather in the branchial arch mesoderm. As expression of several Fgf genes seems to be down-regulated in Tbx1 mutant embryos (Vitelli et al., 2002b) , a possible scenario is that the branchial arch phenotype of these mutants results from the absence of Fgfr1 stimulation in the mesodermal component of the branchial arches. At least two Fgf genes have been reported to be down-regulated in the absence of Tbx1. One of them, Fgf8, is essential for the development of the branchial arches (Trumpp et al., 1999) . However, Fgf8 seems to be required for correct patterning and survival of postmigratory crest cells and not for their migration into the branchial arches (Trumpp et al., 1999; Bobola et al., 2003) . In the case of Fgf10, also down-regulated in Tbx1 K/K embryos, no branchial arch phenotype was reported when it is inactivated (Min et al., 1998) . This indicates that, if this molecule plays a role in mediating Tbx1 activity, other molecules can substitute for it in this process. Further work will be required to determine the roles FGFs play as downstream mediators of Tbx1 activity in the branchial arches and to identify the still missing factors (FGFs or not) involved in this process.
Morphogenesis of the otocyst is impaired in Tbx1
K/K embryos
The inner ears of Tbx1 mutant embryos were reduced to a pair of small hollow cartilaginous vesicles without any structure that could be assigned to the cochlear or vestibular compartments. Quite surprisingly, however, some signs of morphological and histological differentiation were observed within these strongly affected structures. In particular, the endolymphatic duct was clearly discernible, displaying a normal histology, although it was larger than in wild-type littermates. Also, some areas clearly resembling sensory patches were present in the residual inner ear epithelium of the Tbx1 mutant embryos. Although their morphological and molecular characteristics did not correspond exactly to any of the sensory patches present in normal inner ears, they contained hair cells and were even connected to the cvg, also present in the mutant embryos.
Global inner ear phenotypes were also found in Six1 and Eya1 mutants (Xu et al., 1999; Laclef et al., 2003; Zheng et al., 2003; Ozaki et al., 2004) . However, in contrast to what has been described for those mutants, the Tbx1 mutant phenotype seems not to derive from global effects on early proliferation and survival processes within the otocyst, because the patterns of apoptosis and cell proliferation were fairly normal in Tbx1 K/K otocysts (Vitelli et al., 2003; our unpublished results) . Moreover, these global effects would not explain the conservation of specific inner ear characteristics in the Tbx1 mutant. The global Tbx1 mutant phenotype in the inner ear is also not directly obvious from the Tbx1 expression pattern. In other mutants affecting inner ear development, the affected area typically mirrors the gene's expression domain (Torres et al., 1996; Hadrys et al., 1998; Ma et al., 1998; Torres and Giráldez, 1998; Wang et al., 1998; Acampora et al., 1999; Depew et al., 1999; Liu et al., 2000; Riley and Phillips, 2003) . In the case of Tbx1, while its expression domain clearly overlaps with the prospective vestibular area, it is transcribed only in a rather small area of the cochlear anlage, thus making it difficult to justify the complete absence of this later structure in the Tbx1 null mutants.
Analysis of the inner ear phenotype at earlier developmental stages suggests a possible explanation for this apparent paradox. When analyzed early enough, ear patterning and differentiation processes look fairly normal in Tbx1 K/K embryos. This indicates that Tbx1 plays no role in placode induction or in the early morphogenetic events to create a hollow vesicle from a flat epithelial thickening. Also, the establishment of early molecular patterns in the otocyst seems to occur normally in the absence of Tbx1, as estimated by the fairly normal distribution of a variety of relevant transcripts in the otic vesicles of E9.0-E9.5 Tbx1 mutant embryos. It is only after E9.5 that clear morphological and molecular alterations can be observed in Tbx1 mutant otocysts. The ventral area of the otocysts does not present the elongation that represents the initial cochlear anlage (Li et al., 1978) , and show a round-shaped morphology. In addition, the primordium of the endolymphatic duct is still present but is clearly bigger in Tbx1 mutant embryos than in their wild-type littermates. Also evident at this stage are alterations in the spatial distribution of transcripts for some relevant genes, which are not restricted to a particular type of process, but seem to affect the otic vesicle globally. For instance, in mutant otocysts NeuroD and Lfng expression domains are extended posteriorly (Raft et al., 2004 ; and our unpublished data), Pax2 expression extends anteriorly and laterally, the Sox10 positive area is expanded anteriorly, Gbx2 expression diffuses latero-ventrally and the Bmp4 and Nkx5.1 domains present a dorso-ventral broadening. It has been shown that, while initial patterns in the otocyst are established by signals provided by surrounding tissues (Baker and Bronner-Fraser, 2001 ), after a certain stage otocysts seem to be largely independent of external cues (Swanson et al., 1990; Torres and Giráldez, 1998) . As the pattern of Tbx1 mutant otic vesicles changes from normal to altered, it is possible that Tbx1 is required for the autonomous conservation of patterns after they have been generated by environmental signals. The highly regionalized expression of Tbx1 and, most particularly, the sharp borders of its expression domain, which become stronger around E10.5, are nicely consistent with this hypothesis and suggest that control of cell segregation may be part of this mechanism.
A comparison of the early and late stages of inner ear formation in the Tbx1 mutant reveals an interesting feature. There is a clear correlation between the conserved/lost features observed in the inner ears of newborns and the stage at which they start to be formed. The clearly conserved characteristics, namely the endolymphatic duct, sensory patches and cvg ganglion, represent very early differentiation processes in the otic primordium, which occur before alterations can be observed in Tbx1 mutant otocysts. Conversely, morphologically organized cochlear and vestibular compartments, which are lost from Tbx1 mutant animals, start formation later than E10.5, when the otocyst has already lost normal patterning references. This suggests that the strong global phenotypes in Tbx1 inner ears derive from the inability of the otic vesicle to start morphogenetic processes, probably as a consequence of the lack of segregation of the gene regulatory information responsible for those processes. This hypothesis provides a likely explanation for the failure of structures that develop from an area mostly negative for Tbx1, like the cochlea, to develop in the Tbx1 null mutants.
An additional implication of the correlation between early and late phenotypic features of Tbx1 mutant individuals is that the absence of Tbx1 seems not to hinder progression of differentiation processes once they are started. The NeuroD-positive areas produce a cvg ganglion, the primordium of the endolymphatic duct develops further to produce a recognizable structure in the newborns, and the sensory patches observed in newborns are likely derived from the expanded Bmp4 lateral domain, as estimated by their molecular characteristics. Not only do these processes proceed further, they also seem to extend to include adjacent areas of the otocyst; already at E10.5, the neurogenic domain incorporates more caudal areas, as described by Raft et al. (2004) ; the endolymphatic duct enlarges, suggesting the incorporation of adjacent epithelium; and the Bmp4 lateral domain broadens, indicating the expansion of the sensory anlage.
While we were preparing this manuscript the inner ear phenotype of Tbx1 mutants was analyzed by other groups (Vitelli et al., 2003; Raft et al., 2004) . According to Vitelli et al. (2003) Tbx1 is required cell autonomously for the expansion of a subpopulation of cells in the otic vesicle required for development of both the cochlear and vestibular areas. However, like us (unpublished data), they did not find differences in cell proliferation or survival in Tbx1 mutant otocysts. Also, the vestibular and cochlear areas do not seem to derive from complementary areas of the otic vesicle, which are clearly segregated at E9.0 in Tbx1 mutant embryos and are under different genetic controls (Torres and Giráldez, 1998) . In addition, Tbx1 expression has only a small overlap with the prospective cochlear domain (Pax2-positive). Therefore, either Tbx1 has different transcriptional activities in different areas of the otocyst or it is involved in more general functions in the otic epithelium. Raft et al. (2004) propose that Tbx1 restricts neurogenic potential within the otocyst. We also found an extension of the neurogenic area in the otic vesicles of Tbx1 mutant embryos after E10.0, in accord with their results. However, we also found broadening of other domains at the same stage of inner ear development, which suggests to us that the effect of Tbx1 on the restriction of the neurogenic area is part of the more global role of Tbx1 in keeping normal patterns within the otic vesicle.
A mouse model for inner ear disfunction in DiGeorge syndrome patients?
It has been reported that some patients with the DiGeorge syndrome suffer from hearing and balance problems, some of which could be attributable to cochlear and vestibular dysfunction (Digilio et al., 1999; Swillen et al., 1999) . As Tbx1 plays an essential role in inner ear development, it is possible that partial loss of TBX1 function could indeed perturb ear development in DiGeorge syndrome patients and be the cause of these clinical manifestations. In mice, inner ear phenotypes associated with Tbx1 haploinsufficiency have not been reported. It is possible that, like the vascular phenotype in Tbx1 C/K mice (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) , the extent of expressivity of an ear phenotype in the presence of only one copy of the Tbx1 gene is also straindependent. Therefore, it would be important to introduce the Tbx1 mutation into different genetic backgrounds and observe the effects on cochlear and vestibular function. Interestingly, hearing and balance deficiencies were observed in mice carrying a transgenic BAC containing the human TBX1 gene, but only when the mice had a mixed B6/FVB background and not after three generations of backcrossing into C57BL/6 ). This suggests that the FVB strain may be more sensitive to alterations in the Tbx1 dosage and could be the strain of choice when trying to obtain Tbx1 haploinsufficient phenotypes in the ear. The existence of such a mouse would provide a useful animal model for the ear defects observed in human DiGeorge syndrome patients.
Experimental procedures
Mice and embryos
Mice carrying the Tbx1 tm1Pa null mutation have been described previously (Jerome and Papaioannou, 2001 ). For simplicity, we refer to the mice carrying one or two Tbx1 tm1Pa alleles as Tbx1 C/K and Tbx1 K/K , respectively. For the experiments described in this manuscript mice in a C57BL/6/129 mixed background were used. Embryos were collected at the specified stages from Tbx1 C/K intercrosses, and genotyped as previously described (Jerome and Papaioannou, 2001 ).
Phenotypic analyses
Skeletal staining of newborns was performed using the alcian blue/alizarin red method as described in Mallo and Brandlin (1997) . Four embryos of each genotype were analyzed.
In situ hybridization both in whole embryos and on tissue sections was performed as described in Kanzler et al. (1998) , using digoxygenin-labeled riboprobes for Pax2, Gata3, Nkx5.1, Gbx2, Dlx5, NeuroD, Tbx1, CrabpI, Bmp4, Lfng, Brn3c, Six1, Hoxa2 and Sox10. Three to five embryos of each genotype were analyzed for each probe. After whole-mount staining, representative embryos were postfixed in 4% paraformaldehyde/0.2% glutaraldehyde, rinsed in PBS, embedded in gelatin, and sectioned with a vibratome at 30-40 mm.
